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Chapter 1
Introduction
1.1 Introduction
Although music is a form of art, it can be investigated scientifically. Sounds are the
result of pressure waves propagating through a medium; therefore, the sound created
by musical instruments is both music and the result of scientific processes. Musical
acoustics is the study of vibrations in musical instruments and the air around them,
as well as the auditory perception of sound. As the study of the interplay between
physics and music, musical acoustics is of interest not only to physicists, but to
musicians and instrument makers as well.
Investigation of the clarinet-player system began in the 1950s [1] and is ongoing
today. Studying the acoustic properties of the clarinet presents a set of unique
challenges. One of these challenges is due to the fact that unlike a violinist, much of
what a clarinet player does to produce sound takes place inside their mouth and the
mouthpiece where it is hidden from view. Another point of difficulty is that musical
instruments are not made by physicists; they are designed by artisans. Due to the
interdisciplinary nature of the subject, clarinet acoustics has the ability to inform
both physicists and musicians. Acoustic studies of the clarinet may investigate topics
such as playing frequencies, player-instrument interaction, or musician perception
and ease of play.
The novel work reported in this thesis is preliminary and exploratory in nature.
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The purpose of this study is to characterize clarinet playing techniques through
measurements of the pressure in the clarinet mouthpiece while a musician plays
and to investigate the methods by which clarinet players transition from note to
note, termed articulations. The results provide information about the clarinet-
player system that can be incorporated in future models of the clarinet. The work
reported here involves the use of a recent technological development, the sensor-
equipped mouthpiece. Using the sensor-equipped mouthpiece, researchers are able
to record pressure in the musician’s mouth and the clarinet mouthpiece. Six clarinet
players of varying experience levels were asked to play two types of articulations,
and a computational method developed by Coyle and Gabriel of Rollins College [2]
was adapted to determine the duration of an articulation. A survey about playing
practices and preferences was also completed by fifteen clarinet players. Physical
phenomena previously unmentioned in the literature, such as an increase in pressure
during a single note as well as a brief increase in pressure at the beginning of a note
are also investigated in this thesis. Through analysis of clarinet playing samples
provided by clarinet players, this work will serve as a foundation for establishing
quality markers for clarinet playing and possible pedagogical tools.
The thesis begins in Chapter II with a brief overview of the history of the clarinet
and clarinet acoustics. It continues in Chapter III with a description and example of
each clarinet playing test. This is followed by Chapter IV which includes a descrip-
tion of the three phenomena found in the preliminary tests that became the focus
of this investigation and how they were investigated further in the second round of
playing tests. Chapter V details the analysis of the three phenomena including a
comparison of results in the context of the experience level of each player. Chapter
VI discusses future applications and points of consideration for future work. Re-
sults from the clarinet survey are discussed in Appendix A. Additional experimental
results are discussed in Appendix B.
Chapter 2
Literature Review
2.1 Clarinets and Clarinetists
Although one may agrue the evolution of the clarinet began with the early single-
reed instruments of ancient Egypt and Greece, the instrument is an evolution of the
chalumeau[3]. A modern chalumeau is shown in Fig 2.1. This evolution, occurring in
the late seventeenth century, involved adding the register key to the chalumeau which
increased the musical range of the instrument by more than two octaves [3]. The
register key on both the chalumeau and clarinet is on the back of the instrument,
hidden from view. Today the clarinet operates in three registers; from lowest to
highest tone they are the chalumeau register, named for the original instrument,
and the clarion and altissimo registers. The chalumeau register includes the throat
tones. The throat tones are a group of notes (written G, G-sharp, A, and B-flat)
that, according to clarinet players, are difficult to keep in tune because they use very
little of the instrument. They can be described as “throaty” or “husky” sounding
[4].
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Figure 2.1: A modern chalumeau from Ref. [5]. The chalumeau is a single reed
instrument that provided the foundation for the clarinet[3].
The instrument consists of five parts connected by cork tenons. The parts of the
clarinet are shown in Fig. 2.2, reproduced from Ref. [6]. The mouthpiece is home to
the ligature which holds the reed. With breath, the mouthpiece and reed generate
tone. The barrel connects the mouthpiece to the upper joint, where the clarinet
player will place their left hand. This is followed by the lower joint, where the right
hand is placed. Opposite from the mouthpiece is the bell, which is responsible for
the radiated sound of the lowest tone of the instrument.
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Figure 2.2: Reproduced from Ref. [6] A B-flat clarinet with the mouthpiece, ligature,
reed, barrel, upper joint, lower joint and bell labelled.
Just as the clarinet is composed of multiple pieces in a specific configuration, a
piece of music is composed of many notes played in a specific sequence. The method
by which a clarinet player moves from note to note is termed an articulation. Playing
an articulation may involve changes in embouchure, or the configuration of the lips,
tongue, soft palate, etc. that is being used to produce the note. There are many
types of articulations, but the two that are featured in this research are slurring and
tonguing. To slur, the player simply lifts a finger to transition from note to note,
producing a smooth sound. To tongue a note, the player alters the motion of the
reed. This can be done by either altering the breath or touching the reed with the
tongue. This produces a staccato, or separated, sound similar to a “tah-tah-tah”
between notes [7].
2.2 Clarinet Acoustics
To explain the production of notes, the clarinet can be described in three parts, the
generator, resonator and radiator. The reed-mouthpiece system acts as the acoustic
generator of the instrument [8]. Of course there is no air flow without the player
blowing into the instrument; this serves as the source of energy for the system.
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The motion of the reed can be attributed to Bernoulli’s principle, which states that
an increase in the velocity of a fluid occurs simultaneously with a decrease in the
pressure or potential energy of the fluid. When the player blows a steady stream
of air over the reed, the velocity of the fluid increases and the pressure decreases
simultaneously. The reed then bends up toward the area of lower pressure. Air
from the player will continue to flow under the reed. This causes the pressure to
again decrease, this time on the opposite side of the reed, and it bends downward.
Applying Hook’s law, the position of the reed can be modeled as a simple harmonic
oscillator,
F = kx, (2.1)
where F is the force of the blowing pressure over the area of the reed, k is the spring
constant, and x is the position of the reed. This is a very simple model. The motion
of the reed is described more completely as,
My¨ +Ry˙ +Ky = −∆P (t), (2.2)
where M is the mass, y is the displacement of the tip of the reed, R is the damping
coefficient, K is the stiffness of the reed and P is the pressure difference between
the player’s mouth and the mouthpiece [9]. The pressure is at a maximum at the
“closed” end of the mouthpiece where there is no displacement of air. It is reasonable
to assume that increasing the blowing pressure of the instrument would increase the
level of sound produced by the instrument, however this is not always the case.
Increasing the pressure difference between the mouth and mouthpiece will increase
the flow until a certain point where the reed will close, ceasing flow. Although there
is a damping coefficient in Eq. 2.2, many models of the reed neglect the damping
effect because the effect of the lip on the reed is difficult to measure and may vary
significantly from player to player [10].
The term resonator refers to the barrel and upper and lower joints of the clarinet.
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The keys on the upper and lower joints allow the player to change the effective length
of the clarinet. For example, the wavelength of the lowest tone is approximately four
times the length of the instrument. To understand this, it is important to know the
clarinet can be approximated as an open-closed tube. This is because the opening
between the mouthpiece and reed is small when compared to the bell that is acts
as a closed end, allowing reflection at the boundary and creating a standing wave.
As on open-closed tube, the clarinet is capable of producing only odd overtones or
odd integer multiples of the fundamental frequency. The odd overtones are shown
in Fig. 2.3.
Figure 2.3: Reproduced from Ref. [11] Modes of an closed-open tube where λ is the
wavelength, L is the length of the tube, f0 is the fundamental frequency, and v is
wave velocity.
In Fig. 2.3, the mouthpiece is on the left. The acoustic pressure is shown for each
overtone. Notice the only possible overtones are those where the maximum pres-
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sure is at the mouthpiece.Therefore, the clarinet is capable of producing frequencies
described by,
fn =
nc
4L
, (2.3)
where n is an odd integer, c is the speed of sound, and L is the length of the cylinder.
Although the absence of even overtones may seem limiting, the clarinet has a range
that exceeds three octaves, from D below middle C to C three octaves above middle
C. A visual representation of the range compared to a piano is shown in Fig 2.4
where the throat tones are notes 16 to 20. In section 2.1, they were described as
using very little of the instrument. This is because the effective length, or length
over which the standing wave is present, is very short when compared to the length
of the instrument. The estimated effective length for the throat tones is shown in
Fig. 2.5.
Figure 2.4: A representation of the range of the clarinet, highlighted in blue, com-
pared to the piano. The frequencies corresponding to the notes are also shown. The
notes within the range of the clarinet are numbered from 1 to 42 with 1 representing
the note with the lowest frequency.
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Figure 2.5: A clarinet with the estimated effective length for the throat tones en-
closed in blue.
When discussing musical acoustics, it would be difficult to omit impedance.
Impedance can be described as the relationship between the acoustic pressure and
volume velocity. For the clarinet and other woodwinds, impedance varies with
frequency. It is said that the instrument operates at the maximum of the impedance
[12, 13]. Impedance is a lens with which musical instruments can be studied, but it
is not a lens implemented in this investigation.
2.3 The Artificial Mouth
The clarinet has been investigated in the steady-state for decades[10, 14, 15, 16].
Using a human player can significantly limit the repeatability of acoustic investiga-
tions. Researchers can generate sound without a human player by using an artificial
mouth [17]. As early as the 1960s, this was done with an artificially blown clarinet
[18]. An improvement upon this was introduced in 2010: the artificial mouth [16].
The machine consists of an artificial mouth, air compressor, air tight chamber and
clarinet. A diagram of an artificial mouth from Ref. [14] is shown in Fig. 2.6.
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Figure 2.6: A diagram of an artificial mouth from Ref. [14].
An artificial mouth allows for the clarinet to be played at a single frequency and
the machine controls the pressure. The artificial mouth is excellent for experiments
because it yields consistent results [19]. It has been used to study the effects of
lip force, pressure, and tonguing parameters on transients [20] However, using an
artificial mouth as the generator varies greatly from musical play. During musical
play, the frequency of the produced sound changes rapidly as the musician transitions
from note to note, which is not possible using an artificial mouth. In a similar
manner, damping, blowing pressure, etc. are also altered rapidly as a musician
plays, but must be held constant or changed gradually when using an artificial
mouth.
2.4 The Sensor-equipped Mouthpiece
Approximately five years ago, a novel technological development was introduced to
study the effects created during musical play: the sensor-equipped mouthpiece or
SEM. A SEM enables real-time measurements of pressure inside the mouthpiece
and musician’s mouth as well as the relative motion of the reed. This is significant
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because changes in the motion of the reed and pressure inside the mouth and mouth-
piece are all hidden from view during musical play; using the SEM, researchers are
able to see inside the instrument. Previously, ultrasound was used to examine the
motion of the tongue during play [21]. While this enables viewing inside the musi-
cian’s mouth, it cannot be applied to the instrument. Thus far, a SEM has been used
to study dynamic levels [22], or the level of sound at which notes are played, and
accenting notes [23]. However, Munoz Arancon et al. used a saxophone reed con-
nected to a cylinder, not an actual saxophone. The SEM used in Ref. [23] is shown
in Fig. 2.7. In the work reported here, a clarinet mouthpiece was equipped with
a photo interrupter to monitor reed position and pressure sensors in the musician’s
mouth and the mouthpiece itself.
Figure 2.7: A diagram of a SEM from Ref. [23].
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Chapter 3
Experimental Procedure
3.1 Preliminary Experiments
The SEM is a new device; therefore, there was very little information that could be
used to determine a direction of investigation. In order to determine what phenom-
ena would be of interest for further study, two musicians performed an extended
list of playing tests. Results from these playing tests were then used to generate
a focused list of playing tests that targeted tests of interest. A description of each
test is shown in Table 3.1 and reference numbers for notes are shown in Fig. 3.1.
Numbers in Fig. 3.1 correspond to those in Fig. 2.4.
23
24 CHAPTER 3. EXPERIMENTAL PROCEDURE
Figure 3.1: The range of the clarinet as read by clarinet players. The numbers
correspond to the numbered piano keys in Fig. 2.4.
Test Number Test Description Number of Notes
1 1-2-3-4-5-6-7-8-9 Slur 9
2 20-21-23-24-25-26-27-28 Slur 9
3 1-2-3-4-5-6-7-8-9 Tongue 9
4 20-21-23-24-25-26-27-28 Tongue 9
5 16-17-18-19-20 Slur 5
6 16-17-18-19-20 Tongue 5
7 9-21-9 No articulation or change in embouchure 3
8 1-9-16-21-28-33 Separated 6
9 Mozart Many
Table 3.1: Descriptions of the eleven preliminary playing tests performed by a pro-
fessional and experienced amateur. After the preliminary tests, it was decided that
Tests 5 and 6 would be the focus of this investigation. Notes are numbered according
to Fig. 3.1.
The first two tests consisted of a chromatic slur played in the lower and upper
registers, respectively. This was done to compare a sequence played in different
registers with the same fingerings. Tests three and four were a repetition of tests
one and two with the notes tongued instead of slurred. Test five and six consisted of
playing the throat tones slurred and tongued, respectively. This isolated the throat
tones, which are difficult to play in terms of control, tuning and tone quality. Test
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seven required the musician to play 9-21-9 with no change in embouchure and no
articulation. This was done to test the extent to which the musicians could transition
across registers i.e. to determine if a seamless transition was possible or not. During
test eight the musician was asked to play a 1-9-16-21-28-33. This was done with
the notes separated in order to test tuning and stability for different registers. The
final test consisted of playing a musical piece of the player’s choice twice. This
was done to give the players free range of their techniques and to allow for future
comparison between the playing tests and musical play. When applicable, the tests
were performed ascending and descending to determine if direction of scale would
affect the results. The musicians were also asked to play each note for a duration
of one second. Representative data from a professional player are shown in Figures
3.2 through 3.16.
Figure 3.2 shows SEM data from Test 1. Notice that the reed position is at
1, the maximum, when the player is playing. Also notice that the pressure in the
mouthpiece and barrel are very similar throughout the test. Fig. 3.3 is from the
same test as Fig. 3.2, but played in the descending rather than ascending. Figures
3.4 and 3.5, 3.6 and 3.7, 3.8 and 3.9, 3.10 and 3.11, and 3.12 and 3.13 are related in
the same manner. Figures 3.2, 3.3, 3.4, 3.5, 3.10, and 3.11 show representative data
from Tests 1, 2, and 5. Each of these tests feature slurred transitions. Notice the
notes seem connected. Figures 3.6, 3.7, 3.8, 3.9, 3.12, and 3.13 show representative
data from Tests 3,4, and 6. Each of these tests features tongued transitions. Notice
the separation between the notes. Figure 3.14 shows SEM data from Test 7. Notice
the lower pressure in both the barrel and mouthpiece for note 22 as compared to
note 10. Figure 3.16 shows SEM data from Test 9, a Mozart selection of the player’s
choosing played from memory. Notice the combination of notes that appear to both
be separated and connected. Test 9 is also significant because it is the only tests
that features a musical piece.
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Figure 3.2: Represenative data from a professional from Test 1, a chromatic slur
played ascending and in the low register. Clockwise from the top left is the motion
of the reed, pressure in the barrel, pressure in the mouthpiece, and pressure in the
mouth with respect to time.
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Figure 3.3: Represenative data from a professional from Test 1, a descending chro-
matic slur played in the low register.
5 10 15
Time (s)
0
0.2
0.4
0.6
0.8
1
R
ee
d 
po
sit
io
n
5 10 15
Time (s)
-2
-1
0
1
2
Ba
rre
l (k
Pa
)
5 10 15
Time (s)
0
1
2
3
M
ou
th
 (k
Pa
)
5 10 15
Time (s)
-1
-0.5
0
0.5
1
M
ou
th
pi
ec
e 
(kP
a)
Figure 3.4: Represenative data from a professional from Test 2, a chromatic slur
played ascending in the upper register.
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Figure 3.5: Represenative data from a professional from Test 2, a descending chro-
matic slur played in the upper register.
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Figure 3.6: Represenative data from a professional from Test 3, an ascending chro-
matic scale tongued and played in the low register.
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Figure 3.7: Represenative data from a professional from Test 3, an descending chro-
matic scale tongued and played in the low register.
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Figure 3.8: Represenative data from a professional from Test 4, an ascending chro-
matic scale tongued and played in the upper register.
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Figure 3.9: Represenative data from a professional from Test 4, an descending chro-
matic scale tongued and played in the upper register.
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Figure 3.10: Represenative data from a professional from Test 5, the throat tones
played ascending and slurred.
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Figure 3.11: Represenative data from a professional from Test 5, the throat tones
played descending and slurred.
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Figure 3.12: Represenative data from a professional from Test 6, the throat tones
played ascending and tongued.
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Figure 3.13: Represenative data from a professional from Test 6, the throat tones
played descending and tongued.
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Figure 3.14: Represenative data from a professional from Test 7, C4-C5-C4 played
with no change in embouchure and no articulation.
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Figure 3.15: Represenative data from a professional from Test 8, E-C-G-C-G-C
played ascending and separated.
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Figure 3.16: Represenative data from a professional from Test 9, a Mozart selection
of the player’s choosing.
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Measurements were recorded using a sensor-equipped mouthpiece, shown in Fig.
3.17; equipped with two pressure sensors, one in the mouth and one inside the
mouthpiece, and a photointerrupter to measure reed position. These sensors lie
outside of the instrument and are connected to the mouthpiece by wires. The sensor
in the mouth, in the mouthpiece, and the photointerrupter correspond to the red,
blue, and black wires respectively. Due to space limitations, the sensors can not be
housed inside the mouthpiece. In addition, the sensors must remain dry to function
properly and saliva from the player can accumulate inside the mouthpiece causing
the sensors to malfunction. An additional pressure sensor was placed in the barrel
to further validate the measurements from the SEM.
Figure 3.17: The sensor-equipped clarinet mouthpiece. During play, the red tube is
inside the player’s mouth. The blue tube is in the mouthpiece. The red and blue
tubes are connected to pressure sensors outside of the instrument. The black tube
connects to the photointerrupter.
Informed consent was obtained from each musician. Consent and the clarinet
survey are discussed further in Appendix A. The musician was given a fifteen minute
warm-up period before the playing tests began. This was to mimic normal playing
conditions and to allow the musician to adjust to playing with the sensor-equipped
mouthpiece and a strength one reed. The difference between playing a normal
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clarinet and playing one with a sensor-equipped mouthpiece is the presence of the
pressure sensor in the mouth and the presence of several wires. However, according
to musician interviews, the effect of these additions to the instrument is negligible.
From preliminary analysis it was obvious that there was a significant difference
in slurred vs. tongued transition duration. It was computationally determined that
the average tongued transition from Test 6 for one player was 0.13±0.01s in duration
and the average slurred transition from Test 5 was 0.048±0.008s in duration. Given
that the musician was asked to play each note for one second, the tongued transition
duration is a significant amount of time. In comparison, the the duration of the
tongued transition represents 13% of the note duration vs. nearly 5% for the slurred
transition. The difference between the slurred and tongued transitions is apparent
from a brief glance at the measurements, shown in Fig. 3.18.
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Figure 3.18: Representative data from Tests 5 and 6 for a performing professional.
From these figures, the duration of a tongued transition is noticeably greater.
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Although using a human player as the generator was originally cause for concern,
the consistency of the preliminary data from trial to trial was greater than expected.
Therefore, tests could then be compared from player to player.
The tests provided numerous measurements and analyzing everything in the
data sets is far outside the scope of this work. However, after preliminary analysis,
a focused and simplified list of tests was created to more efficiently examine the
playing parameters of interest. This is discussed in Section 3.2
3.2 Playing Tests
Six players, with experience levels ranging from beginner to professional, were asked
to perform the new list of tests, shown in Table 3.2.
Test Description Number of notes
1 1-2-3-4-5-6-7-8-9 Slur 9
2 20-21-23-24-25-26-27-28 Slur 9
3 1-2-3-4-5-6-7-8-9 Tongue 9
4 20-21-23-24-25-26-27-28 Tongue 5
5 16-17-18-19-20 Slur 5
6 16-17-18-19-20 Tongue 5
7 Mozart Selection Many
Table 3.2: The playing tests performed by six musicians. For frequencies please refer
to Fig. 2.4. Tests 5 and 6 are the focus of this investigation.
Each test was performed five times. The players were asked to play each note
for a duration of one second and to play mezzo forte. They were also asked to
close and open the reed twice before performing each trial. Doing so enabled reed
position measurements from the photointerrupter to be normalized from open to
closed, where zero corresponds to the reed being completely open and one to the
reed being completely closed, rather than being normalized from the maximum open
and closed position of each musician. Tests one and three consisted of playing Low
E to middle C slurred and tongued. This was done in order to provide a comparison
of the articulations. For tests two and four the musicians also played middle B to
G slurred and tongued. The even and odd tests are exactly the same fingerings,
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but the even tests required the use of the register key. This was done so that
comparisons could be made for different registers. Tests five and six consisted of
playing the throat tones slurred and tongued. These notes were targeted because
they reportedly present challenges when played and use very little of the length
of the clarinet. During the playing tests some players expressed that playing the
throat tones was less enjoyable than the other tests. For the final test, players were
asked to play an adagio from Mozart’s Clarinet Concerto. Using the same piece of
music allows the measurements from different musicians to be compared and also
enabled specific aspects of play, such as crossing the break or playing slurs, to be
isolated for study. For the purposes of this work, tests five and six were analyzed.
Representative data from these tests are shown in Figures 3.10 through 3.13. The
Mozart selection played in Test 7 is shown in Fig. 3.19.
Figure 3.19: The Mozart selection each player was asked to perform during Test 7.
Each player played the first line and then the second line.
The Mozart selection in Fig. 3.19 contains both tongued and slurred transitions.
Unlike the other tests, Test 9 features a piece of music.
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Chapter 4
Experimental Data and Analysis
This chapter discusses the phenomena of interest from the playing tests. The phe-
nomena were selected from preliminary data from a professional clarinet player. The
presence of these phenomena for other players with varying levels of experience was
then investigated using the second set of playing tests.
4.1 Transitions
A piece of music requires a musician to transition from note to note. As mentioned
in Section II, this can be done with a variety of articulations. It is reasonable to
assume there may be differences in the way different articulations are produced.
Given what an articulation is, one area of interest is the duration of the transition.
To measure a transition, it must be established where a transition begins and ends;
this is a challenging task. A transition is shown in Fig. 4.1. As shown in Fig. 4.2,
the pressure tends to taper off before building again.
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Figure 4.1: Pressure in the mouthpiece with respect to time for a tongued transition
played by a professional.
Figure 4.2: A closer view of Fig 4.1. It can be seen that the amplitude of the
oscillations decreases and then increases, making it necessary to use the method
developed by Coyle and Gabriel of Rollins College to define transition start and end
points.
The work reported here employs a modified computational method developed
by Coyle and Gabriel of Rollins College [2]. They define the transition as the time
between the two outermost local minima of the second derivative of the pressure
with respect to time. The envelope of the pressure signal and second derivative of
the pressure with respect to time are shown in Figures 4.3 and 4.4.It should be noted
that at this time the physical significance of the second derivative of the pressure
with respect to time is unknown. The purpose of this method was not to establish
this, but to define a way of studying transitions.
From the preliminary data of the professional, the average tongue transition was
0.13 ± 0.05s and the averaged slurred transition was 0.06 ± 0.04s. It was expected
that the duration of the tongue transitions would be greater than the duration of
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the slurred transitions. The pressure envelope for a slurred and tongued transition
is shown in Fig. 4.3 and 4.4, respectively. From Fig. 4.3 and 4.4, it is evident that
the tongued transitions have a longer duration than the slurred transitions.
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Figure 4.3: Pressure envelope (orange dotted line) and the second derivative (blue
solid line) of pressure in the mouthpiece with respect to time for a slurred transition
played by a professional. The local minima (circled) mark the beginning and end of
the transition.
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Figure 4.4: Pressure envelope (orange dotted line) and the second derivative (blue
solid line) of pressure in the mouthpiece with respect to time for a tongued transition
played by a professional. The local minima (circled) mark the beginning and end of
the transition. Notice the duration of the tongued transition is greater than that of
the slurred transition in Fig. 4.3.
The higher uncertainty in the tongued transitions is also expected given the
additional interaction of the player touching their tongue to the reed, which is likely
to vary from player to player.
From the playing tests described in Section 3.2, the average slurred transition
of all players was 0.06 ± 0.05s in duration and the average tongued transition was
0.13 ± 0.06s in transition. The transition times can be compared for players of
varying experience levels. The average time for a slurred and tongued transition of
each player is compared in Figures 4.5 and 4.6. The players are named A-F in
order of expected chair in an ensemble, with A being the most experienced player.
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Figure 4.5: A comparison of the average slurred transition duration for each player.
The bars represent one standard deviation away from the mean.
Figure 4.6: A comparison of the average tongued transition duration for each player.
The bars represent one standard deviation away from the mean.
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From Figures 4.5 and 4.6, it can be concluded that the two most experienced
players, A and B, had the shortest slurred transitions and were the most consistent.
Player A was also the most consistent during the tongued transitions. There are two
anomalies in Table 4.1 that must be addressed. The first is that the uncertainty in
tongued transitions for Player B is significantly higher than that of any other player.
Upon review of the auditory file of all trials of Test 6 for Player B, it was concluded
that Player B did not tongue the transitions. It should also be noted that when
asked to play mezzo forte, Player B played fortissimo for all trials of all tests. The
second anomaly is that the average duration of a slurred transition is within 0.1s
of the duration of a tongued transition. During the tests, it was noted that Player
D did not tongue the transitions. This was confirmed after review of the Test 6
auditory files for Player D.
During preliminary tests, the professional player was asked to play Tests 5 and
6 both ascending and descending to determine if chromatic direction affected tran-
sition duration. The respective durations are shown in Table 4.2.
The direction of play did not significantly affect transition duration for either
Test 5 or 6.
The greatest transition duration usually occurred during the last transition, from
note 19 to 20. The average transition durations for the first four transitions com-
pared to the last transition for each player are shown in Figures 4.7 and 4.8.
Direction Slur St. Dev Tongue St. Dev
Ascending 0.048 0.008 0.13 0.01
Descending 0.049 0.009 0.13 0.007
Table 4.1: Comparison of transition duration for Test 5 and 6 when played ascending
and descending by a professional.
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Figure 4.7: The average transition duration of the 16-17, 17-18, and 18-19 transitions
(purple diamonds) compared to the average 19-20 transition (red squares) for the
slurred transitions for each player. The bars represent one standard deviation away
from the mean.
Figure 4.8: The average transition duration of the 16-17, 17-18, and 18-19 transitions
(purple diamonds) compared to the average 19-20 transition (red squares) for the
tongued transitions for each player. The bars represent one standard deviation away
from the mean.
Further investigation is needed to determine why the duration of the transi-
tion between notes 19 and 20 is greater than the other transitions for Tests 5 and
6. However, possible reasons include that the musicians “cross the break” when
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transitioning from note 19 to 20. In terms of fingerings, this means the musician
transitions from all of the keys being open to all of them being closed. Therefore,
the 19 to 20 transition may be more difficult to execute in the ascending direction
than the other transitions.
4.2 Changes in Pressure for Individual Notes
In addition to transition duration, changes in pressure for individual notes are also
discussed in this investigation. Preliminary tests showed that pressure often in-
creased over the duration of a note. An example of this is shown in Fig. 4.9.
Figure 4.9: A representative trial from Test 6 performed by Player A showing the
an increase in pressure for each note highlighted by a yellow bar.
Although there were noticeable pressure changes for ninety-percent of the notes
played by Player A, whether or not other players produced a similar effect was
unknown. The presence of a change in pressure was examined for players of various
experience levels. The percent of pressure changes for all notes played for each player
is shown in Table 4.2.
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Player Test 5 Test 6
A 90 100
B 100 90
C 70 85
D 100 85
E 65 55
F 5 40
Table 4.2: The percentage of notes where a change in pressure was present for each
player.
Given that Players C and D are very close in experience level, there is a general
trend that the frequency of pressure changes positively correlates with experience
level for Test 5. This trend is even stronger for Test 6, where experience level and
frequency of pressure changes are positively correlated.
Although changes in pressure for Player A were always increases, decreases in
pressure were present in trials of other players. An example of a trial from Player E
with an increase, no change, and two decreases is shown in Fig. 4.10. The percentage
of increases and decreases for each player for Tests 5 and 6 are shown in Tables 4.3
and 4.4, respectively.
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Player Percent of Increases Percent of Decreases
A 90 0
B 100 0
C 50 20
D 100 0
E 60 5
F 0 5
Table 4.3: The percentage of notes played where an increase or decrease in pressure
was present for Test 5.
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Figure 4.10: A trial from Test 6 performed by Player E. There is an increase in
pressure for the first note, no notable change in the second, and a decrease is present
for the third and forth notes.
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Player Percent of Increases Percent of Decreases
A 100 0
B 80 10
C 55 30
D 80 5
E 30 25
F 30 10
Table 4.4: The percentage of notes played where an increase or decrease in pressure
was present for Test 6.
Notice there is a general trend of increases positively correlating with player
experience level for Test 6. Also notice that the two most experienced players had
no decreases for Test 5 and the two least experienced players did. For five out of six
players, the percent of decreases is higher for Test 6 than Test 5.
The clarinet players were asked to perform five trials of each playing test. For
Tests 5 and 6, this means each player performed a total of twenty-five notes per
test. Due to additional effects involved in the extinction of the final note, only notes
16-19 were analyzed. Therefore, each player played a total of twenty notes per test,
which is not enough to conduct statistical tests. Ideally, each player would play
two hundred or more trials of each test, but collecting a data set of this size was
outside the scope of this investigation. The results and analysis provided here are
not conclusive, but may provide direction for future investigations.
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Chapter 5
Conclusion
Studying musical acoustics can be difficult given that musical instruments are nec-
essarily tied to the musicians, adding subjectivity to the research. Further, the
instruments were not designed by scientists and the clarinets do not always behave
as the simplified models predict. The novel work reported here was conducted in the
2018-2019 academic year. The goal of this honors thesis research was to provide a
foundation for future work featuring clarinet players and the SEM. Using the SEM
enables researchers to evaluate pressure inside the mouthpiece and the mouth of the
player as well as reed motion during play, all of which is hidden from view when a
clarinetist is playing. As the SEM measures physical data inside the players mouth
and instrument, it provides the advantage that nothing external, such as the room
the player is in, will affect the measurements, allowing for greater reliability and
repeatability throughout. Importantly, the SEM offers an additional measurement
technique, aside from the long incorporated artificial mouth, that will garner inter-
esting insight into the player-instrument interaction and validate player perception
of their techniques.
The work examined differences in duration for slurred and tongued transitions
and concluded that tongued transitions have a greater duration than slurred tran-
sitions. It was also concluded that the transition from note 19 to 20 was greater in
duration than transitions between notes 16 through 19. Further investigation is re-
quired to determine why. The work also examined changes in pressure for individual
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notes during play. While a general trend positively correlating pressure increases
and experience level was established, further investigation is needed to provide con-
clusive results. Discussion of the clarinet survey and a brief pressure increase at the
beginning of each note is found in the appendices.
Future investigations should consider that a player will not always perform as
instructed. When asked to tongue a series of notes, Player D did not. This did
not correlate to the experience level of the player. The second most experienced
player, Player B, played fortissimo for all of the playing tests when asked to play
mezzo forte. This occurred even though players were given both verbal and written
instructions before the tests began and written directions for reference during the
tests. Correcting or instructing the player to alter their technique during play would
compromise the validity of the playing tests. Preventing playing such as this entirely
may be impossible. Therefore, future investigations should include more players so
that the effects of playing tests such as these are statistically diminished or the tests
may be excluded all together.
There are several possibilities for applications of the SEM and subsequent data
analysis. Signals obtained from the SEM are physical and directly correlate to the
sound created by the musician. This provides the opportunity to have amateur
players attempt to match signals from professional players. The amateurs can then
answer, “What did you change to make your signal appear closer to that of the
professional?” Answers to this question would inform clarinet instructors on how to
best improve the playing ability of their students and how changes in embouchure,
blowing pressure, etc. alter the created sound. Another possible application is
using the SEM to determine the physical limits of clarinet playing, such as how
fast a tongued transition can be performed. This information can then be used by
composers and conductors to ensure that they are asking players to perform in a
manner that is possible. In any case, further investigation is needed to fully develop
these promising pedagogical tools.
Appendices
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Appendix A
Clarinet Survey
A.1 Introduction
Musical acoustics is unavoidably tied to the musicians themselves. This brings the
challenges of gathering objective, reliable, and repeatable data in order to character-
ize players and/or instruments. Throughout this study, anecdotal evidence has been
gathered from the expertise of the sponsor of the thesis, Dr. Coyle, a clarinet player
with over 20 years of experience. However, in order to ensure that this anecdotal
evidence is based in reality, a survey was created and dispersed to musicians around
the country through social media and email campaigns. While the survey in its en-
tirety will be included after the conclusion of this section, some specific discussions
and analysis of the survey data will be included here.
The survey was a total of 30 questions and likely took the respondents about 15
minutes to complete. An attempt was made to include many different question types
to vary the statistical analysis possible given the data gathered. The questions types
included: Likert-type scale questions, rating scale questions, Rank order questions,
as well as a few open-ended questions. The respondents were also give a chance to
share anything extra with the researchers, as well as leave their contact information
if they so chose in order to participate in future studies. Of the nearly 50 respondents
that at least opened the survey, there were 15 complete surveys that were used for the
analysis included in the following sections. Section A.2 will discuss the questions and
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responses relating to player characterization. Section A.3 will detail the apparent
player preferences for clarinet accessories and equipment. Section A.4 will then offer
analysis on player perception of difficulty when performing articulation and other
techniques. The Appendix will end with a brief conclusion and perspectives for
future work involving surveys of clarinetists in Section A.5.
A.2 Player characterization
The first portion of the survey asked multiple questions to help characterize the
different types and levels of musicians involved. Based on the responses, only one
of the musicians claimed an instrument other than the B[ soprano clarinet. The
musicians, on average, play about five hours per week playing their instrument, and
13 of the 15 clarinetists have 10 or more year experience playing.
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Figure A.1: Questions asking the player to describe themselves (number of years
playing, self identification on skill spectrum, how many hours a week they rehearse,
etc.)
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A.3 Player preferences
Within this study, both experimentally, and computationally, researchers have made
assumptions on what equipment the musicians prefer to use. This would include
information about reed strength, clarinet mouthpiece lay, and clarinet brand and
model. All of these could be subject to player preference but could have a large im-
pact on the data collected and potential repeatability of the tests and measurements.
In order to minimize effects such as these, the measurements were all done with the
same equipment (including the instrumented mouthpiece). This was described ear-
lier in Chapter III. A few of the equipment questions are shown in Fig. A.2. Based
on analysis of the survey data, an overwhelming 80 percent of respondents claim
that Vandoren reeds are their preferred brand and the average reed strength is a
3.5. While the brand of ligature and mouthpiece is highly varied, the main clarinet
brand used is Buffet, with only 30 percent responding that they play in another
brand (such as Yamaha, or Selmer).
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Figure A.2: Many questions ask players what equipment and clarinet accessories
are generally used. The data from these questions validates the use of a Buffet Bb
clarinet, Vandoren reeds, etc. throughout the playing tests with the SEM.
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A.4 Articulations and other playing techniques
For this thesis, the most important data gathered within the survey were from
the questions involving articulations. Figure A.3 shows a few of these questions.
Generally a Likert-Scale or Rating Scale was used. The surprising result is that
most players claim to not utilize breath attacks in their playing, however, the SEM
could eventually show that this is not true. This data analysis is outside of the scope
of this thesis but future work could include an analysis of the tonguing techniques
in an attempt to support or counter the player’s perception of their own technique.
The main takeaways from this section of the survey are that an overwhelming
majority of the musicians (14/15) claim that they always touch the tongue to the
reed and rarely utilize breath attacks for staccato playing. In many of the other
categories mentioned, tenuto, marcato, accented notes, the majority often state
that they never use breath attacks. Testing this perception, or assumption, being
made by musicians going by merely touch or “what it feels like” while playing, using
the SEM, will be an interesting piece of future work.
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Figure A.3: Questions 27 and 28 from Clarinet survey: these questions focused on
tonguing technique.
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A.5 Conclusions
While the analysis of a mere 15 clarinetists may not be statistically significant in
any of the analyses completed in the Appendix, it does offer an interesting insight
into the player preferences and how they might influence the player’s choice of
technique, instrument, etc. Chapter V discussed the possibility of using the SEM
as a pedigogical tool - often, when speaking to musicians, they are unsure what it is
that they are doing in order to accomplish a requirement in music (quick tonguing
passages, dynamic contrasts), and the SEM could be a way to relay this information
from teacher to student, composer to musician, etc. In order for this survey data to
be usable in the future, more data will need to be collected. As the sample size was
small, it is difficult to draw definitive conclusions.
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Clarinet Acoustics Survey  - F2018 
 
 
Start of Block: Informed Consent 
 
Q1 Welcome to the study!  
The purpose of this study is to determine the physical methods and mechanisms used by 
clarinet players to accomplish different musical tasks. This study will analyze measurements 
acquired while the musician is playing from an instrumented mouthpiece, which is a mouthpiece 
equipped with pressure and force sensors. There is also a separate survey on clarinet playing 
that will sometimes accompany the playing tests, and at other times will be taken separately. 
The measurements acquired from the clarinet playing tests and survey will be published on 
rollins.scholarship.edu as an honors thesis and may be used in future publications by Dr. Coyle. 
  You must read the following information prior to the beginning of the tests/survey. If you decide 
to participate in future surveys or playing tests, a separate informed consent will be required.  
You will receive a detailed description of any changes to the testing procedures one-week 
before the tests. Any questions, comments, concerns or the intent to withdraw from the study 
may be directed to Camille Adkison (cadkison@rollins.edu) or Dr. Whitney Coyle 
(wcoyle@rollins.edu).   
 
 
 
Page Break  
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End of Block: Informed Consent  
Start of Block: Informed Consent Playing Tests and Survey 
 
Q26 Will you participate in playing tests ? [Click no if we haven't already discussed] 
o Yes  (1)  
o No  (2)  
 
Skip To: End of Block If Will you participate in playing tests ? [Click no if we haven't already discussed] = 
No 
Skip To: Q20 If Will you participate in playing tests ? [Click no if we haven't already discussed] = Yes 
 
 
Q20 You will be given the opportunity to play the clarinet with the instrumented mouthpiece for 
5-10 minutes before the tests begin so that you may adjust to the instrument. A Forestone 
synthetic reed for the Bb clarinet will also be provided. The same instrument and reed will be 
used for all playing tests. The mouthpiece and reed will be cleaned before each test. You will be 
asked to perform musical tasks, such as playing legato slurs, with and without the real time 
measurements in view. The total time for a single playing test will be approximately one hour. 
 
The measurements from these tests will be analyzed and will be included in an honors thesis to 
be published online at rollins.scholarship.edu. It is possible that data from this study will be used 
in additional future publications. Your name and affiliation will be recorded. This is done in case 
of the need for any future contact and to provide thanks to the institution. You may ask that your 
identity remain confidential, in which case you will be assigned a participant number. This will be 
determined responses by your choice of the two statements noted below: 
 
o I allow my full name and affiliation to accompany the data and subsequent analysis to be 
used in publications by Camille Adkison and/or Whitney Coyle of Rollins College.  (1)  
o I DO NOT allow my full name and affiliation to accompany the data and subsequent 
analysis by Camille Adkison and/or Whitney Coyle of Rollins College.  (2)  
 
 
 
Q21 The researchers may also take pictures of the experiment setup. These pictures will likely 
include you, the musician. Please mark the appropriate box below if you wish or do not wish for 
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your photo to be taken for use in future publications by Camille Adkison or Whitney Coyle of 
Rollins College. 
o I allow photos of myself to taken and used in publications by Camille Adkison and/or 
Whitney Coyle of Rollins College.  (1)  
o I DO NOT allow photos of myself to be taken or used in publications by Camille Adkison 
and/or Whitney Coyle of Rollins College.  (2)  
 
 
 
Q22 This survey will inform researchers of the direction that a future set of playing tests should 
go. The playing tests will allow data to be gathered on playing gestures such as articulations, 
blowing pressure, etc. If you are interested in participating in the playing tests, please include 
your contact information in the final page of this survey.  
 
End of Block: Informed Consent Playing Tests and Survey  
Start of Block: Informed Consent Survey 
 
Q23 The data and analysis from this survey will be included in an honors thesis to be published 
online at rollins.scholarship.edu. It is possible that data from this study will be used in additional 
future publications. Your name and affiliation will be recorded. This is done in case of the need 
for any future contact and to provide thanks to the institution. You may ask that your identity 
remain confidential, in which case you will be assigned a participant number. This will be 
determined responses by your choice of the two statements noted below: 
 
 
o I allow my full name and affiliation to accompany the survey data and subsequent 
analysis to be used in publications by Camille Adkison and Whitney Coyle of Rollins 
College.  (1)  
o I DO NOT allow my full name and affiliation to accompany the data and subsequent 
analysis by Camille Adkison and/or Whitney Coyle of Rollins College.  (2)  
 
 
 
Q24 This survey will inform researchers of the direction that a future set of playing tests should 
go. The playing tests will allow data to be gathered on playing gestures such as articulations, 
blowing pressure, etc. If you are interested in participating in the playing tests, please include 
your contact information in the final page of this survey.  
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End of Block: Informed Consent Survey  
Start of Block: Survey Questions: playing habits / equipment 
 
Q11 I consider myself a  
o student  (1)  
o hobbyist/amateur  (2)  
o professional/performing musician  (3)  
 
 
 
Q33 The main instrument I play is the: 
o Bb Soprano Clarinet  (1)  
o Bb Bass Clarinet  (2)  
o Eb Alto Clarinet  (3)  
o Eb Soprano Clarinet  (4)  
o Bb Contrabass Clarinet  (5)  
o Eb ContraAlto Clarinet  (6)  
o other  (7)  
 
 
 
Q12 During concert season, how many hours do you spend playing the clarinet per week? 
▢  0-2  (1)  
▢  3-5  (2)  
▢  5+  (3)  
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Q19 How many years of clarinet playing experience do you have? 
o 0-5  (1)  
o 5-10  (2)  
o 10+  (3)  
 
 
 
Q31 Please select the main REED BRAND you use when playing your instrument: 
o Rico  (1)  
o Vandoren  (2)  
o Synthetic  (3)  
o Other  (4)  
 
 
 
Q34 Please select the main REED STRENGTH you use when playing your instrument: 
▼ 1 (1) ... other (9) 
 
 
 
Q35 Please select the main LIGATURE BRAND you use: 
o Rovner  (1)  
o Vandoren  (2)  
o BG  (3)  
o Other  (4)  
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Q36 Please select the main MOUTHPIECE BRAND you use: 
▼ Vandoren (1) ... Other (5) 
 
 
 
Q37 Please select the main CLARINET BRAND you use: 
▼ Buffet (1) ... Other (4) 
 
End of Block: Survey Questions: playing habits / equipment  
Start of Block: Survey Questions - playing techniques 
 
Q3 Q1-3: I find it easy-difficult to: 
 
 
 Very easy neither easy 
nor difficult 
Very difficult 
 
 1 2 3 4 5 
 
play legato slurs () 
 
play staccato () 
 
play fortissimo () 
 
play pianissimo () 
 
play pieces of music with a fast tempo 
(allegro) ()  
play pieces of music with a slow tempo 
(largo) ()  
 
 
 
Page Break  
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Q4 Q4-6: I find it easy-difficult to jump/cross the break while maintaining 
 
 
 
 
 Very easy Neither easy 
nor difficult 
Very difficult 
 
 1 2 3 4 5 
 
timbre (tone quality) () 
 
consistent tuning () 
 
consistent dynamic () 
 
 
 
 
 
Q5 I find it easy-difficult to play a crescendo while maintaining 
 Very easy Neither easy 
nor difficult 
Very difficult 
 
 1 2 3 4 5 
 
timbre (tone quality) () 
 
consistent tuning () 
 
 
 
 
 
Q17 I find it easy-difficult to play a decrescendo while maintaining 
 Very easy Neither easy 
nor difficult 
Very ifficult 
 
 1 2 3 4 5 
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timbre (tone quality) () 
 
consistent tuning () 
 
 
 
 
Page Break  
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Q27 Tonguing technique: When performing an articulation such as... 
 I touch my tongue to reed I use breath attacks 
 Always (1) Sometimes (2) Never (3) Always (1) 
Sometimes 
(2) Never (3) 
staccato 
(1)  o  o  o  o  o  o  
accent (2)  o  o  o  o  o  o  
marcato 
(3)  o  o  o  o  o  o  
legatto (4)  o  o  o  o  o  o  
tenuto (5)  o  o  o  o  o  o  
 
 
 
 
Q29 click all that apply when transitioning between notes I notice a change in (embouchure, 
blowing pressure, et.c) 
▢  corners of mouth  (1)  
▢  tongue placement in mouth  (2)  
▢  bottom lip force  (3)  
▢  blowing pressure  (4)  
▢  vocal tract (throat) configuration  (5)  
▢  placement of mouth on reed  (6)  
 
End of Block: Survey Questions - playing techniques  
Start of Block: Contact Information 
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Q16 Name 
________________________________________________________________ 
 
 
 
Q17 Preferred contact method? 
o Email  (1)  
o Phone Call  (2)  
o Text Message  (3)  
 
Skip To: Q18 If Preferred contact method? = Email 
Skip To: Q19 If Preferred contact method? = Text Message 
 
 
Q18 Email address: 
________________________________________________________________ 
 
 
 
Q19 Phone number: 
________________________________________________________________ 
 
End of Block: Contact Information  
Start of Block: Final comments 
 
Q6 Please feel free to leave any other comments you would like to share with the researchers 
here: 
________________________________________________________________ 
 
End of Block: Final comments  
 
Appendix B
Brief Pressure Increase
In addition to the phenomena discussed in the body of this thesis, a brief increase
in pressure at the beginning of each note was present for Player A. An example of
this is shown in Fig. B.1.
Figure B.1: A trial from Test 6 played by Player A. Notice the brief, sharp increase
in pressure at the beginning of each note, circled in yellow.
The frequency of this effect for other researchers is of interest. The computational
method used to determine transition duration was adapted to quantify the duration
and change in pressure of this increase. Due to time limitations, analysis of this
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effect is not complete. The effect was not present for all notes played by all players.
Some players did not demonstrate this effect, and others showed a brief increase at
the end of each note. An example of this is shown in Fig. B.2
9.8 10 10.2 10.4 10.6 10.8
Time (s)
0.5
1
1.5
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ou
th
pi
ec
e 
(kP
a)
Figure B.2: A trial from Test 6 played by Player E. Notice that, depending on the
definition, there may be a similar increase at the end of the note.
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